ABSTRACT The aim of this study was to investigate whether maternal dietary supplementations with different zinc (Zn) sources could reduce the deleterious effect of maternal heat stress on hatchability performance and progeny growth performance. A completely randomized design (n = 6) with 2 maternal environmental temperatures [normal 21 ± 1
INTRODUCTION
In tropical and subtropical regions, maternal hyperthermia reduces fertility and hatchability, and results in abnormal embryo development and embryo loss in high-producing breeder hens (Heywang, 1944; Muiruri and Harrison, 1991) . Moreover, maternal stress affects birth weight and progeny growth, and alters metabolic parameters and hormone secretions in mammals (Lordi et al., 2000; Tao et al., 2012) . However, limited studies have been done so far on the effects of maternal heat stress on post-hatch progeny of female breeders. Zinc, an essential mineral, is commonly supplemented into breeder diets to achieve optimal reproductive performance (Park et al., 2004) . Previous studies indicated that Zn-deficiency in hens fed purified diets results in a lower hatchability, abnormal embryonic development, and poor performing offspring, whereas Zn supplementation can eliminate these adverse effects (Blamberg et al., 1960; Kienholz et al., 1961) . However, little or no effects were observed when breeder hens received cornsoybean meal basal diets containing higher Zn levels (Stahl et al., 1986; Kidd et al., 1993) .
Zinc also has been explored as an antioxidant supplement for protecting poultry against oxidative damage from heat stress (Sahin and Kucuk, 2003; Sahin et al., 2005) . The Zn anti-heat stress effect on hen breeders was done on laying performance (Sahin and Kucuk, 2003) , with little impact on development of embryo 2351 and progeny. In broilers, we have demonstrated that dietary supplementation with Zn increases tissue metallothionein (MT) concentrations and MT mRNA expression (Huang et al., 2007 (Huang et al., , 2009 (Huang et al., , 2013 as free radical scavengers. Furthermore, a moderately chelated organic Zn was the most effective in augmenting pancreas MT mRNA expression (Huang et al., 2009 (Huang et al., , 2013 . Therefore, we hypothesize that maternal dietary Zn supplementation, particularly organic Zn with a moderate chelation, may reduce or eliminate the negative effects of maternal hyperthermia on offspring. The aim of this study was to evaluate the effect of maternal dietary supplementations with different Zn sources on hatchability, embryonic development, and growth performance of offspring from female breeders subjected to normal or elevated environmental temperatures.
MATERIALS AND METHODS

Experimental Design and Treatments
This experiment included three consecutive phases of maternal broiler breeders, offspring embryos and offspring broilers. Experimental design and treatments for the maternal broiler breeder phase were described in details in our another study (Zhu et al., 2016) . A completely randomized design involving 2 maternal environmental temperatures × 3 maternal dietary Zn treatments was used in this experiment. The 2 maternal environmental temperatures (TEMP) were a typical temperature of 21 ± 1
• C (NT) and a high temperature of 32 ± 1
• C (HT). The 3 maternal dietary Zn treatments were a corn-soybean meal basal diet without Zn supplementation (CON), the basal diet supplemented with 110 mg of Zn/kg of diet as either Zn sulfate (iZn), or a Zn proteinate with a moderate chelation strength (quotient of formation (Q f ) = 30.7, oZn), respectively, based on the dietary Zn requirement of broiler breeders (Leeson and Summer 2009) , thus, resulting in a total of 6 different treatment groups (NT-CON, NTiZn, NT-oZn, HT-CON, HT-iZn, and HT-oZn). All eggs collected from the above 6 maternal treatments were incubated for the 21-d offspring embryo phase. And then all hatched chicks were reared for the 42-d offspring broiler phase.
Animals and Diets
All experimental procedures were approved by the Animal Welfare Committee of the Institute of Animal Science, Chinese Academy of Agricultural Sciences.
As reported for the maternal broiler breeder phase in our another study (Zhu et al., 2016) , briefly, a total of 144 18-week-old female broiler breeders (Arbor Acres, Huadu Broiler Company, Beijing, China) was randomly allotted to one of 6 dietary treatments with 6 replicates (4 birds per replicate) for each treatment based upon BW according to the experimental design. All broiler breeders were initially fed a conventional corn-soybean meal diet for an adaptation period from 18 to 29 wk of age according to Arbor Acres breeder management guides, followed by a starch-isolated soybean protein purified diet without the addition of Zn to further deplete Zn stores from 30 to 32 wk of age. After Zn depletion, the groups NT-CON, NT-iZn, and NT-oZn were housed at 21 ± 1
• C, while the room temperature for groups HT-CON, HT-iZn, and HT-oZn was increased step-wise from 21 to 32
• C over the course of 2 d to allow the birds to acclimatize to the experimental chronic heat challenge. After acclimatization, the room temperature was maintained at 32 ± 1
• C for the experimental period from 33 to 42 wk of age. All female broiler breeders were allowed ad libitum access to tap water without detectable Zn levels. For male broiler breeders, the practice of semen collection started at 26 wk of age, and the quality of semen was determined by the volume and numbers of semen and sperm motility. Semen was collected and mixed before insemination. Artificial insemination was carried out at 1500 h every Tuesday and Saturday. Both the Zn-unsupplemented starch-isolated soybean protein (purified diet) and corn-starch-isolated soybean protein (semi-purified diet) diets and the analyzed Zn contents in the experimental diets were the same as described in our another study (Zhu et al., 2016) . In order to eliminate the potential effect of reduced feed intake under HT, birds in NT were pair-fed the same amount of feed consumed by birds with feed restriction in HT on the previous day. Egg numbers and egg weights were recorded daily during the experimental period. Our unpublished data from the same broiler parent stocks in another paper showed that HT significantly (P < 0.01) decreased egg weight (HT 57.7 g vs. NT 62.5 g), laying rate (HT 61.7% vs. NT 72.9%) and egg mass (HT 35.5 g/d per bird vs. NT 45.6 g/d per bird), while dietary Zn and their interactions had no effects on the above indices.
Eggs were collected during the last 3 wk of the experimental period and incubated in the same incubator (9TDJ-A, LanTianJiao Electronic Technology company, Beijing, China). Eggs from each replicate of each of the 6 maternal groups were placed on the same egg tray (6 trays total). Incubation temperature was set at 37.8
• C and relative humidity (RH) at 55 to 60% during incubation. Unfertilized eggs were removed following candling on 7 d of incubation (E7). Eggs also were candled at E18.5 to identify nonviable embryos. During candling, eggs were characterized as being infertile, cracked, or containing early-stage nonviable embryos (less than E7), or middle and late nonviable embryos (E7.5 to 18.5). All chicks hatched at E21.5 from each replicate per treatment were weighed and then averaged to determine the chick hatch weight. Also, the number of failed pips and healthy and weak chicks was determined. Chicks were classified as weak if they were not able to stand. Their breathing rate was much more rapid than normal and their development was retarded (Kienholz et al., 1961) . Moreover, these chicks would not eat or drink, and seldom lived more than 3 to 4 days. Forty-eight hatched chicks from the same maternal treatment group were divided into 12 replicates, with 4 chicks (2 males and 2 females) per replicate based on the average birth weight of each maternal treatment, resulting in a total of 288 offspring broilers. Chicks were housed in electrically heated, thermostatically controlled cages and managed according to the guidelines approved by Arbor Acres Farm (Arbor Acres, Huadu Broiler Company, Beijing, China). Birds were allowed ad libitum access to the same offspring diets and tap water during the 6-week experimental period. The corn-soybean meal offspring diets (Table 1) were formulated to meet or exceed the NRC (1994) requirements, including Zn, to maintain the survivability of broilers during one to 21 and 22 to 42 days, given that the lower hatchability and higher weak chick ratio from Zn-deficient broiler breeders (Table 2) . Body weight, feed intake, and mortality of each replicate cage were recorded weekly.
Sample Collections and Preparations
Both feed ingredients and diet samples from all Zn treatments were subjected to CP, Ca, and Zn analyses prior to the initiation of the trial to confirm their contents in the diets.
Twelve eggs from each treatment (2 eggs per replicate) were collected on the last d of the heat-stressed experiment, and the albumen and yolk were separated and sampled. The yolks from 2 eggs per replicate were pooled and stored at -20
• C until Zn content analysis. Liver, heart, and breast muscle tissues were sampled from 16 embryos (4 per replicate) from each treatment at E18.5 and were immediately dissected and weighed.
At 42 d of age, blood samples were collected via a bronchial vein from 2 fasted broilers (one male and one female) from each cage according to the average BW within the cage. Plasma samples were obtained by centrifuging blood samples at 3,000 × g for 20 min at 4
• C and stored at 20
• C for further analyses. All samples from each replicate were pooled in equal volume before analysis. Following blood sampling, the birds were weighed individually, euthanized, and then were immediately bled. Heads and feet were removed, and then carcasses were eviscerated and weighed to determine the dressing percentage. Abdominal fat, the left breast, and leg muscles were removed and weighed to determine the percentages of abdominal fat, breast, and leg NT = maternal normal temperature; HT = maternal high temperature; TEMP = maternal environmental temperature; CON = the maternal Zn-unsupplemented basal diet; iZn = the maternal basal diet supplemented with 110 mg of Zn/kg of diet as ZnSO 4 ·H 2 O; oZn = the maternal basal diet supplemented with 110 mg of Zn/kg of diet as Zn proteinate with a moderate chelation strength of 30.7 Q f .
a,b Means within a row lacking a common superscript differ (P < 0.05). 1-3 Data represent the means of 6, 18, and 12 replicates, respectively (n = 6, 18 and 12).
muscles, respectively. The whole breast and leg muscles were stored individually in plastic bags at 4 • C for 24 h for measurements of drip loss and shear force of meat. The right breast and leg muscles were removed and used to determine the color and pH of meat 45 min after slaughter.
Calculations
Fertility was expressed as the percentage of fertile eggs in the total number of eggs set for each replicate per treatment (Lourens et al., 2005) . Hatchability, embryonic mortalities (early, middle, and late stage), and dead pip ratio were expressed as percentages of hatched birds, the dead embryos, and dead pips in the total number of fertile eggs of each replicate per treatment. Weak chick ratios were expressed as a percentage of weak chicks in the total number of hatched birds for each replicate per treatment. The percentage of abdominal fat was calculated by dividing the weight of abdominal fat by live BW; and the percentage of breast or leg muscle was calculated by dividing the breast or leg muscle weight by eviscerated weight.
Sample Analyses
Zinc contents in the diets and egg yolk were measured using an inductively coupled plasma emission spectroscope (model IRIS Intrepid II, Thermal Jarrell Ash, Waltham, MA) after wet digestions with HNO 3 and HClO 4 as described by Huang et al. (2007) . Validation of the mineral analysis was conducted using bovine liver powder (GBW [E] 080193, National Institute of Standards and Technology, Beijing, China) as a standard reference. Contents of CP and Ca in feed ingredients and diet samples were determined using methods of the Association of Official Analytical Chemists (1990:988.05 ). Dietary nonphytate phosphorus was determined as described by Liu et al. (2016) . Amino acid contents in Zn proteinate were analyzed using an amino acid analyzer (model L-8500A, Hitachi Ltd., Chyoudaku, Japan), and the Q f value of Zn proteinate was determined by polarography as described by Huang et al. (2007) . Meat pH, color, drip loss, and shear force were measured as described previously by Liu et al. (2011) . Plasma triiodothyronine (T 3 ) and thyroxin (T 4 ) levels were determined by radioimmunoassay using a commercial kit (Beijing North Institute of Biological Technology, Beijing, China). Plasma glucose (GLU), uric acid (UA), cholesterol (CHO), triglyceride (TG) contents and aspartate aminotransferase (AST), alanine transaminase (ALT), lactic dehydrogenase (LDH), creatine kinase (CK), and alkaline phosphatase (ALP) activities were measured using a HITACHI 7180 automatic biochemical analyzer (Hitachi Ltd., Tokyo, Japan) with detection kits (Nanjing JianCheng Bioengineering Institute, Nanjing, China), respectively.
Statistical Analyses
All data were analyzed by 2-way ANOVA using the general linear model procedure of SAS 9.2 (SAS Institute, 2010). This model includes the main effects of maternal environmental temperature, maternal dietary Zn, and their interaction. The treatment comparisons for significant differences were tested by the LSD method. Data of embryo and offspring broiler mortalities were transformed to arc sine values before statistical analysis. Each replicate served as the experimental unit for all statistical analyses. Significant differences were set at P ≤ 0.05.
RESULTS
Fertility, Hatchability, Embryonic Mortality and Quality, and Chick Hatch Weight
Maternal TEMP (Table 2) impacted fertility and hatchability, early, middle, and late embryonic mortalities, and chick hatch weight (P ≤ 0.05). Maternal dietary Zn affected hatchability and weak chick ratios (P ≤ 0.01). There were no interactions (P > 0.07) in the above indices between maternal TEMP and maternal dietary Zn (Table 2) . Compared to NT, HT decreased (P < 0.004) fertility and hatchability and chick hatch weight, and increased early (P = 0.05), middle, and late (P < 0.004) embryonic mortalities. Hatchability was higher in the group oZn than in the CON group (P = 0.004), but no differences (P > 0.08) were observed between iZn and CON or between iZn and oZn. Maternal dietary Zn supplementation, regardless of Zn sources, resulted in lower weak chick ratios than CON (P = 0.001).
Zinc Contents in Egg Yolk and Tissue Weights
Zinc content (Table 3) in egg yolk was affected by maternal TEMP and maternal dietary Zn (P < 0.003), but not by their interaction (P > 0.31). Compared to NT, HT decreased egg yolk Zn content (P = 0.002) as well as embryo and yolk sac weights (P < 0.05) ( Table 3 ). The egg yolk Zn content was increased (P < 0.0001) about 1.5-fold in maternal diets supplemented with either inorganic or organic Zn compared to CON diet with no differences (P > 0.63) between Zn sources.
Growth Performance and Mortalities of Offspring Broilers
All data are shown in Table 4 . Maternal TEMP affected (P ≤ 0.05) progeny BW at 21, 28, and 42 d of age, ADG during the stages of one to 21, 22 to 28, and 29 to 42 d and ADFI during the stages of one to 21 and 22 to 28 d, but had no effect (P ≥ 0.10) on ADFI NT = maternal normal temperature; HT = maternal high temperature; TEMP = maternal environmental temperature; CON = the maternal Zn-unsupplemented basal diet; iZn = the maternal basal diet supplemented with 110 mg of Zn/kg of diet as ZnSO 4 ·H 2 O; oZn = the maternal basal diet supplemented with 110 mg of Zn/kg of diet as Zn proteinate with a moderate chelation strength of 30.7 Q f . a,b Means within a row lacking a common superscript differ (P < 0.05). 1-3 Data represent the means of 6, 18, and 12 replicates, respectively (n = 6, 18 and 12). NT = maternal normal temperature; HT = maternal high temperature; TEMP = maternal environmental temperature; CON = the maternal Zn-unsupplemented basal diet; iZn = the maternal basal diet supplemented with 110 mg of Zn/kg of diet as ZnSO 4 ·H 2 O; oZn = the maternal basal diet supplemented with 110 mg of Zn/kg of diet as Zn proteinate with a moderate chelation strength of 30.7 Q f . a,b Means within a row lacking a common superscript differ (P < 0.05). 1-3 Data represent the means of 24, 72, and 48 replicates, respectively (n = 24, 72 and 48). NT = maternal normal temperature; HT = maternal high temperature; TEMP = maternal environmental temperature; CON = the maternal Zn-unsupplemented basal diet; iZn = the maternal basal diet supplemented with 110 mg of Zn/kg of diet as ZnSO 4 ·H 2 O; oZn = the maternal basal diet supplemented with 110 mg of Zn/kg of diet as Zn proteinate with a moderate chelation strength of 30.7 Q f ; L * = lightness; a * = redness; b * = yellowness.
a,b Means within a row lacking a common superscript differ (P < 0.05). 1-3 Data represent the means of 24, 72, and 48 replicates, respectively (n = 24, 72 and 48).
Carcass Traits and Meat Quality of Offspring Broilers at 42 d of Age
All data are shown in Tables 5 and 6 . Maternal TEMP affected (P < 0.04) the ratio, b * value and drip loss of progeny breast muscle. Maternal dietary Zn had an effect on b * values of breast and thigh muscles (P < 0.05). No experimental indices were affected (P > 0.06) by an interaction between maternal TEMP and dietary Zn. Compared to NT, HT decreased (P = 0.03) the ratio and drip loss of breast muscle, but increased the breast muscle b * value (P = 0.01). The breast muscle b * value was higher (P = 0.006) from iMn than CON, whereas the thigh muscle b * value was lower (P < 0.04) from oMn than both CON and iZn with no difference (P > 0.84) between CON and iZn.
Plasma Biochemical Parameters of Offspring Broilers at 42 d of Age
Maternal TEMP influenced (P < 0.05) plasma AST and CK activities, and maternal dietary Zn affected (P = 0.03) plasma ALP activity (Table 7) . No measured indices were affected (P ≥ 0.06) by the interaction between maternal TEMP and dietary Zn. Offspring broilers from HT had lower (P < 0.05) plasma AST and CK activities than those from NT. The progeny birds from oZn also had lower (P < 0.05) plasma ALP activity than those from either CON or iZn, but no difference (P > 0.65) was observed between CON and iZn (Table 7) .
DISCUSSION
Heat stress, though very common, is a major problem in tropical and subtropical regions, often resulting in heavy economic losses in poultry production (Nardone et al., 2010) . The adverse effects of high environmental temperatures have been extensively reported on reproductive performance of laying breeder hens. For instance, Heywang (1944) and Clark and Sarakoon (1967) reported that fertility and hatchability declined in White Leghorn hens subjected to elevated ambient temperatures. Muiruri and Harrison (1991) reported that White Plymouth Rock birds maintained at 35
• C for 3 wk did not have reduced fertility, but hatchability was significantly decreased by approximately 10%. Table 7 . Effects of maternal environmental temperature and dietary Zn on plasma glucose (GLU), uric acid (UA), cholesterol (CHO), triglyceride (TG), aspartate aminotransferase (AST), alanine transaminase (ALT), lactic dehydrogenase (LDH), creatine kinase (CK), and alkaline phosphatase (ALP) activities and triiodothyronine (T 3 ), and thyroxin (T 4 ) levels of offspring broilers at 42 d of age. This lower hatchability might be associated with the disruption of the brain-reproductive axis function or the decreased sperm-egg penetration in heat-stressed birds with an elevated body temperature. In the present study, the fertility and hatchability were significantly reduced when female broiler breeders were subjected to high environmental temperature of 32 • C for 10 wk (Table 2) . Our results also demonstrate that reduced hatchability of fertile eggs from broiler breeders subjected to heat stress is correlated with a higher early, middle, and late embryonic mortality of their offspring. Maternal hyperthermia might inhibit the embryonic growth rate and resulted in a lower hatch weight of chicks due to lower egg weight and nutrient contents in hatched eggs. Furthermore, maternal heat stress resulted in lower yolk sac weight on E18, although the heart and liver weights were not affected. This implies that maternal heat stress may accelerate absorption and utilization of the yolk sac nutrients to maintain embryonic tissue development. Studies have shown that maternal stress also can decrease offspring growth rate in rats (Lordi et al., 2000) , pigs (Vallee et al., 1996) , and cows (Tao et al., 2012) . Unlike mammals, there have been only a few studies exploring the effects of maternal heat stress on offspring in chickens. In the present study, the effects of maternal heat stress on growth performance of offspring broilers at the stages of one to 21, 22 to 28, and 29 to 42 d were investigated. Our results showed that maternal heat stress inhibits ADG and reduces the BW of offspring at all 3 stages examined. The breast muscle ratio and quality also were decreased, indicating that the negative effect of maternal heat stress on offspring broilers is long lasting. Evidence from studies in mammals indicates that maternal stress is linked to alternations of metabolic parameters and hormone secretions via the regulatory mechanisms of the hypothalamic-pituitary axis (Henry et al., 1994; Vallee et al., 1996) . Therefore, in the present study plasma biochemical parameters of offspring broilers were examined at 42 d of age. As in mammals, we found that plasma AST and CK activities of the offspring at 42 d of age were decreased significantly by maternal heat stress, suggesting that maternal heat stress might reduce basal metabolic levels with the lower activities of metabolic enzymes and then affect growth of progeny. Our results demonstrate that maternal heat stress can impair embryonic development, and subsequently impact the growth and development of the progeny. These effects during progeny development could be related to metabolic changes.
Zinc, an essential trace element, is commonly supplemented into breeder diets to maintain health status and achieve optimal reproductive performance (Richards, 1997; Park et al., 2004) . In the present study, Zn deficiency resulted in lower hatchability and more lowquality embryos from female broiler breeders fed a cornstarch-isolated soybean protein diet containing 9.98 mg of Zn/kg of diet, which was in agreement with previous results reported in hens fed purified diets containing soy protein or casein as the protein source and 10 mg of Zn/kg of diet (Blamberg et al., 1960; Kienholz et al., 1961) . In addition, maternal dietary Zn deficiency significantly decreased Zn contents in egg yolk, and subsequently led to abnormal development of embryos and progeny. Consistent with previous reports by Kienholz et al. (1961) and Iniguez et al. (1978) , a major Zn-deficient symptom, grossly impaired skeletal development of embryos, was observed in the present study. Hatched Zn-deficient chicks were in general weak, poorly feathered, and could not stand. Moreover, maternal dietary Zn deficiency reduced offspring chick survivability. Although some chicks from breeder hens fed the Zn-deficient diets appeared normal after hatching, they grew poorly and had a higher mortality rate (P < 0.05; 10.42% mortality during one to 21 d of age) when these birds were fed a conventional diet supplemented with Zn at a Zn requirement level.
Maternal dietary Zn deficiency further decreased progeny BW at 21 and 28 d of age as well as ADG and ADFI during the stage of one to 21 d (Table 3) . However, there was no effect on the growth performance of progeny during the stage of 28 to 42 d, implying that maternal dietary Zn deficiency mainly depressed growth performance of progeny at the starter period. The birds from Zn-deficient breeders could reach compensatory growth at the later period. Higher plasma ALP activity of offspring broilers from the maternal control group partly reflected a higher bone metabolic level compared to offspring from the maternal organic Zn group. However, little effect on hatchability and progeny performance was observed in hens fed Zndeficient corn-soybean meal diets in previous studies (Stahl et al., 1986; Kidd et al., 1993; Hudson et al., 2004 Hudson et al., , 2005 . It is possible that higher Zn contents (about 30 mg Zn/kg diet) in the basal diets used in these previous studies were enough to maintain chick embryonic development and progeny growth.
There is a growing interest in using organic Zn sources to improve reproductive performance and carcass traits in animals (Kidd, et al., 1992; MalcolmCallis, et al., 2000; Liu et al., 2011 Liu et al., , 2015 . Organic Zn has greater bioavailability for broilers than inorganic Zn (Cao et al., 2002; Huang et al., 2007 Huang et al., , 2009 Huang et al., , 2013 . Our previous studies indicated that the greater bioavailability of organic Zn sources is closely related to their chelation strengths, and that a moderately chelated organic Zn has the highest availability to broilers (Huang et al., 2007 (Huang et al., , 2009 (Huang et al., , 2013 . Moreover, addition of organic Zn to hen diets can enhance their progeny's antioxidant ability and immunity (Kidd et al., 1992 (Kidd et al., , 2002 Virden et al., 2003; Sun et al., 2012) . In the present study, maternal dietary supplementation with organic Zn with a moderate chelation strength was more favorable for improving hatchability, as well as meat quality by reducing thigh muscle b * value. Hyperthermia can lead to accumulation of reactive oxygen species and induce oxidative damages in broilers (Lin et al., 2006) and broiler breeders (Xie et al., 2014) . The deleterious effect of maternal heat stress on embryonic development and survival is associated with embryonic oxidative stress in mammalian species (Sakatani et al., 2008; Whitaker and Knight, 2008) . Recently, the role of Zn also has been explored as a dietary supplementation to protect poultry against oxidative damages induced by heat stress (Sahin et al., 2009 ). In addition, previous reports have shown that Zn supplementation could improve growth performance, egg production, and carcass quality of heat-stressed birds (Sahin and Kucuk, 2003; Sahin et al., 2005; Kucuk et al., 2008) . The protective effects of Zn may be attributed to its antioxidant property of increasing CuZn-SOD activity (Oteiza et al., 1996) , and increasing MT concentrations (Gallant and Cherian, 1986) as free radical scavengers. In broilers, a series of studies in our laboratory have demonstrated that dietary supplementation with Zn increases tissue MT concentrations and MT mRNA expression (Huang et al., 2007 (Huang et al., , 2009 Liu et al., 2011 Liu et al., , 2013 Liu et al., , 2015 Suo et al., 2015) . Additionally, moderately chelated organic Zn has the highest bioavailability and is the most effective in augmenting the pancreas MT concentration and its mRNA expression (Huang et al., 2009 (Huang et al., , 2013 . However, the anti-heat stress effects of Zn on hen breeders in previous studies focused mainly on laying performance. In the present study, maternal dietary supplementation with Zn alleviated the negative effect of maternal heat stress on the progeny ADG at the stages of one to 21 and 22 to 28 d and progeny BW at 28 d of age (Table 3) . Moreover, maternal dietary organic Zn addition could effectively eliminate the decreases of the progeny ADG at the stage of one to 21 d and BW at 28 d of age from HT to the similar levels of those from NT. It is implied that an anti-maternal-heatstress efficacy of maternal dietary Zn supplementation was transferred to offspring broilers during embryonic development, as displayed in the growth performance of the starter period in the present study.
In conclusion, maternal heat stress significantly impairs hatching performance, embryonic development, and progeny growth performance inducing metabolic changes, whereas, maternal dietary supplementation with either organic or inorganic Zn improved hatch chick quality and survivability of broilers and alleviated the negative effect of maternal heat stress on growth performance of offspring broilers during the starter period. Notably, maternal dietary supplementation of organic Zn with the moderate chelation strength improved hatchability and progeny meat quality.
